Abstract: The enhanced terahertz radiation from a new photoconductive antenna (PCA) has been predicted by numerical simulation. Different from the conventional PCA, the proposed PCA has electrodes with sawtooth structures on the edge, which will introduce stronger localized bias field than common electrode (e.g. strip-line structure). In addition, the elliptical beam of the laser source is used to illuminate the sawtooth structure of the PCA, so that the effective region of the terahertz excitation is enlarged and higher laser power can be applied before saturation effect occurs. The design of the proposed PCA is presented, and its performance is predicated by numerical analysis based on the full-wave finite-difference-time-domain method. The simulated result shows that, comparing with a conventional PCA, the proposed PCA achieves 1.4 times enhancement of the THz radiation field(i.e. peak of the time-domain THz pulse) at the same condition. Further enhancement as high as 2 times can be achieved when considering the upper limit of the power density of the incoming laser beam.
Introduction
As one of the most commonly used terahertz(THz) source, photoconductive antenna (PCA) has been widely used in THz spectroscopy (such as time-domain spectroscopy) and imaging due to its simple configuration and broadband nature. Since its appearance in 1980s [1] , many efforts have been devoted to improve the performance of the PCA. To date, the biggest issue that hindering the application of the PCA is the ultra-low radiation power [2] . The generation of the THz pulse from a PCA is the result of the instantaneous current excited by the ultra-fast laser pulse (usually in sub-picoseconds). The low radiation power of a PCA is revealed by the fact of the inefficient optics-to-THz conversion, which is usually less than 1% [3] . It is further found that the ultra-low quantum efficiency of a PCA ultimately restrict the radiation power of the THz pulse. When the laser pulse illuminates the active region of the PCA, each photon can generate a pair of hole and electron in the active layer in ideal case. The migration of the carriers (In most case, only electron is under consideration because its mobility is much larger than that of hole) driven by the biased field will generate transient current, which will eventually result in THz radiation in free space with the help of the electrode. However, due to the short lifetime, most of the photo-excited electrons are recombined before they can reach the electrode, and thus have little contribution to the THz radiation. This limitation can be mitigated in several aspects. For example, one can use semiconductor materials with higher mobility(e.g. low-temperature grown gallium arsenide, LT-GaAs) as well as short carrier lifetime (which is essential for THz generation) and increase the bias field as high as possible [4] . However, the amount of available materials is so small that there is not enough space for choice. In addition, the highest biased field is limited by the breakdown of the material. Attempt has also been made by designing micro-structures to generate singular and localized bias field within the active region of the PCA [5] . Moreover, line excitation of the laser beam has been used to make use of the trap-enhanced field near the anode and reduce the screening effect [6] . Most recently, electrodes with nano-structures are fabricated on the PCA to optimize the distribution of the incoming laser beam and improve the collection efficiency of the electrode [7, 8, 9, 10, 11] . In this way, the enhancement of THz power as large as 50 times has been achieved [11] .
In this work, the design of a sawtooth-structured PCA is proposed, and its performance is compared with that of the conventional strip-line PCA by numerical simulation. Owing to these micro-structures, the localized bias fields are enhanced at the apex of the teeth. In addition, the elliptical other than circular laser beam is used for excitation in order to overlap with the enhanced fields near the apexes. The elliptical illumination can mitigate the screening effect caused by the space charge [12] . Thereby, more photo-excited carriers can arrive at the electrode before recombination, and enhanced THz radiation can be obtained. Moreover, the elliptical illumination can also decrease laser's power density in the illuminated region, so that higher laser power can be applied before breakdown of the material occurs.
Design of the sawtooth PCA
The dimension of the sawtooth PCA is shown in Fig. 1 . The total size is 44µm by 50µm, and the width of the electrodes is 5µm, with a gap of 34µm in between. The sawtooth structure is placed at the inner side of the anode. To generate THz radiation, the elliptical laser beam is applied for excitation, and the forward THz radiation in free space is collected at far-field. 
Numerical simulation result
In our previous work [13] , a full-wave simulation tool based on finite-differencetime-domain method has been developed to characterize and predicate the radiation properties of the PCA. The feature of this tool is that the multi-physical phenomena happening in the PCA, such as light-matter interaction, photoexcited carrier dynamics and full-wave propagation of the THz radiation, are considered and embodied in the simulation. Therefore, this tool can fulfill the needs of the comprehensive simulation of the PCA, in which almost all of the parameters that tightly related to the performance of the PCA can be involved, and the THz radiation can be predicated both in the near-field and far-field. The performance of the sawtooth PCA is simulated by the full-wave tool. As a comparison, the conventional strip-line (without sawtooth structure) PCA with similar dimension is also simulated. The substrate of both PCAs is LTGaAs with the thickness of 2.2µm. For sawtooth PCA, the distance between the inner edge of the anode and the center of the elliptical beam is 12µm. For strip-line PCA, circular beam with diameter of 20µm is used, and the distance between the inner edge of the anode and the center of the beam is 10µm. Other parameters used in the simulation are summarized in Table. 1.
One of predicted advantages of the sawtooth PCA is the enhanced bias field near the apex of the teeth. We first simulate the distribution of the DC field when the PCA is externally biased. The result is shown in Fig.2 . It can be seen from Fig.2(b) that the bias field near the apex of the teeth is much larger than other places. This field enhancement in sawtooth PCA is much clear when comparing with the strip-line PCA, as shown in Fig.2(c) &(d) . When excited by the incoming laser pulse, the migration of the photo-excited carriers will result in current within the substrate. Due to the different structures, the distribution of the current in the sawtooth PCA and strip-line PCA is also different. Figure.3 shows the transient current density at the top surface (i.e. XOY plane) of the PCAs at the time of the laser pulse's peak (0.5ps). The mean laser power for both is 60mW . In sawtooth PCA, the current is localized at the apex of the teeth. While in strip-line PCA, the current is distributed much uniformly along the edge of the electrode. To estimate the far-field radiation, the direction right below the PCA is chose and the distance for the center of the PCA is set as 200mm. Since the THz radiation is polarized along x-axis , only the component of the field in this direction is calculated. The far-field radiation of both PCAs is compared at the same laser powers. Figure4 shows the result when the laser power is 60mW . It can be seen that the THz field(unless otherwise stated below, it refers to the peak of the time-domain THz pulse) of the sawtooth PCA is almost 1.4 times of the strip-line PCA.
Moreover, for a common PCA, the material of the substrate usually suffers from the breakdown when the power density of the incoming laser beam is too much high. Since the elliptical beam illuminates larger area than the circular beam, more laser power can be applied to the PCA with ellipticalbeam-illumination. To demonstrate this, we keep the peak intensity of the laser beam the same for sawtooth and strip-line PCAs (in this case the mean power of elliptical beam is twice of the circular beam ), and the corresponding far-field radiation is also shown in Fig.4 . It is found that the THz radiation field of the sawtooth PCA is 2 times of the strip-line PCA. 
Conclusion
The design of a sawtooth PCA with elliptical-beam-illumination is proposed. Enhanced THz radiation is predicated by numerical analysis. The enhancement comes from the localized bias field near the apex of the teeth as well as the spread of the laser beam, which not only mitigates the screening effect but also enables the laser beam to illuminate the PCA with higher laser power before breakdown of the material happens. Further enhancement is promising by increasing the amount of the teeth along the electrode.
